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Plasma Acce lera tors for Heavy- Ion Driven Inert ia l ly Confined Fus ion 
R o l f W . M u l l e r 
G S I , D-6422() D a r m s t a d t 
Abstract - Methods for accelerating plasmas to velocities of 500-3000 km/s are 
revisited. An idea for improved confinement ("periodic focusing") is presented. 
1. The Problem 
I n e x p e r i m e n t s w i t h h i g h - p o w e r laser o r o t h e r energe t ic beams one o f t e n f inds c o l l i d i n g 
p lasmas . One o f t h e m o s t b e a u t i f u l obse rva t ions was r e p o r t e d by S. V a t u j i n , Arzamas 
[ p r i v a t e c o m m u n i c a t i o n ] : Cavi ty w a l l s loaded w i t h absorbed D gas are i r r a d i a t e d w i t h l a -
ser beams. Plasmas are ab la ted w h i c h c o l l i d e in the cav i ty cen t re , hea t ing each o the r s t o 
a t e m p e r a t u r e o f up t o 10 keV. I f n o t an e legant c o n f i n e m e n t m e t h o d f o r f u s i o n ( too l o w 
dens i ty ) , c o l l i d i n g p lasmas are a very p r o m i s i n g source o f incoheren t o r heat r a d i a t i o n . 
Th i s is a n o t h e r incen t ive t o t h i n k abou t p lasma acce l e ra t ion m e t h o d s . 
Whereas f o r s o - c a l l e d d i r e c t p e l l e t d r ive a reasonable d r i v e r s o l u t i o n us ing ion beam 
t e c h n o l o g y c o u l d be d e m o n s t r a t e d ( H I B A L L f U ) , t he c o n d i t i o n s f o r t he i n d i r e c t dr ive are 
so hard t h a t a l l a t t e m p t s t o des ign a beam d r i v e r a lways r e s u l t s e i t he r in a large n u m b e r 
o f s to rage r ings and beam lines ( o f t he o rde r o f 10^) o r in h igh beam energy w h i c h o n l y 
can be absorbed p a r t i a l l y i n a r a d i a t o r and hence is i n e f f i c i e n t . 
The reason is t he r e q u i r e m e n t t h a t A G ( a l t e r n a t i n g g rad ien t ) forces (magnet ic o r e l ec t r i c 
i nhomogeneous f i e lds ) w h i c h are t o focus the beam m u s t be able t o pene t ra te i n t o the 
beam w i t h o u t t o o m u c h screening. The space-charge l i m i t can be expressed by the p las -
ma f requency (o^^ w h i c h m u s t stay b e l o w the f o c u s i n g f requency M\e p lasma frequency 
is g iven by the spatial ion density n, t he charge qe and the mass m o f t he ions : 
{qeY-^n 
P s,, m 
I t is easy t o generate a beam pulse o f 1...10 MJ by h i g h - c u r r e n t l inacs . The r e s u l t , h o w e -
ver, is a very d i l u t e beam plasma. Even af te r c o m p r e s s i o n in s torage r ings ((o 27T-10 
M H z lOw^^) i t can never exceed n 5-10'^ cm""*, w h i c h co r r e sponds t o a vacuum o f 10"' ' 
T o r r at r o o m t e m p e r a t u r e . Th i s is even an o p t i m i s t i c number . 
The basic r e q u i r e m e n t o f i n d i r e c t f u s i o n dr ive is t he p r o d u c t i o n o f an incoheren t X - r a y 
f l a sh w i t h i n a l i t t l e h o h l r a u m , w i t h a r a d i a t i o n t e m p e r a t u r e o f at least v'K)0 eV and an 
energy c o n t e n t o f 1...10 MJ (or a d u r a t i o n o f 10"*^ s). Th i s r a d i a t i o n pulse dr ives ab la t icm 
f r o m the p e l l e t surface, w h i c h in t u r n produces the forces f o r c o m p r e s s i n g the t a r g e t 
c o n c e n t r i c a l l y . The p e l l e t can be l o o k e d at as a t r a n s f o r m e r o f t e m p e r a t u r e i n t o the i g -
n i t i o n spark in a h i g h - d e n s i t y envirc^nment. I t requi res , as a pr ice , a large increase o f 
overa l l e n t r o p y . I t is k n o w n f r o m s i m u l a t i o n s and e x p e r i m e n t s t h a t a t r a n s f o r m a t i o n ra-
t i o o f 30 is t he u l t i m a t e r ea l i s t i c f i g u r e , and t h i s (10 keV) is r equ i r ed t o i g n i t e DT fus ion . 
The c o n c e p t i o n o f heavy-icm dr ive o f t he r a d i a t i o n is t h i s : The energy is f i r s t c o l l e c t e d in 
the f o r m o f k i n e t i c energy o f ions . Then , in a c o n v e r t e r w i t h i n t he h o h l r a u m , the d i r ec -
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t e d k ine t i c energy is c o n v e r t e d i n t o d i so rde red t h e r m a l energy. The ra te o f c o n v e r s i o n 
o f d i r e c t e d i o n energy i n t o t h e r m a l energy is descr ibed by the t a r g e t s t o p p i n g p o w e r 
w h i c h is e s sen t i a l l y p r o p o r t i n a l t o Z'-^ o f the p r o j e c t i l e . Th i s f ac t gives preference t o 
heavy ions over l i g h t ions . 
T(, heat a t a r g e t t o a g iven t e m p e r a t u r e , t he p r o j e c t i l e v e l o c i t y m u s t n o t be s m a l l e r t h a n 
the uno rde red t h e r m a l ion v e l o c i t y in the t a r g e t . I f t h e r m a l losses f r o m the t a r g e t by ra -
d i a t i o n and expans ion c o u l d be s topped , t h i s w o u l d be the o n l y c o n d i t i o n . A t l o w e r p r o -
j e c t i l e ve loc i t i e s t he t e m p e r a t u r e w o u l d r ise d u r i n g i r r a d i a t i o n u n t i l e q u a l i t y is reached; 
t h o u g h the ions t h e n s t i l l are s topped , they do no m o r e c o n t r i b u t e t o a t e m p e r a t u r e r ise , 
b u t t o a mass acc re t ion o f t he t a r g e t . For a t e m p e r a t u r e o f 300 eV, the v e l o c i t y s h o u l d 
at leas t be 100 k m / s . One may expec t t h a t t w o s o l i d bodies c o l l i d i n g at t h i s v e l o c i t y 
w o u l d p roduce heat at t h i s t e m p e r a t u r e ; t he r a d i a t i o n can escape i f i t is n o t b u r i e d unde r 
the debr is o f t he i m p a c t . 
The idea o f " i m p a c t f u s i o n " is n o t new; t he re have been w o r k s h o p s on t h i s t o p i c . H o w e -
ver, t o accelerate a s o l i d p r o j e c t i l e in a l inear device o f a few k m l e n g t h , t he necessary 
acce le ra t ion o f t he o r d e r o f 10'' m / s ^ = XQi^^g w o u l d d i s r u p t a s o l i d i f i t is n o t very c o m -
pact ; t he shape o f a h o l l o w sphere, a r i n g o r a f l a t f o i l w o u l d be needed t o p rov ide 
enough area f o r magne t i c forces t o become e f f i c i e n t . O n l y na tu re p rov ides s o l i d f)rojec-
t i l e s o f t h i s v e l o c i t y by cosmic acce le ra t ion in g r a v i t y f i e ld s . 
A chance t o p e r f o r m impac t f u s i o n p r a c t i c a l l y is o n l y g iven w i t h m o v i n g gaseous p l a s -
mas w h i c h are k e p t t o g e t h e r d u r i n g acce le ra t ion by magne t ic f i e ld s . Before we s tudy a 
poss ib le t echn ica l s o l u t i o n , we l o o k at t h e necessary paramete rs o f t he p l a s m o i d . 
2. Parameters of Col l id ing Plasmas 
I f t w o p l a sma c louds c o l l i d e at v e l o c i t y v, t he f i r s t q u e s t i o n is h o w t h i c k the layer o f 
ma te r i a l m u s t be t o p rov ide c o m p l e t e t h e r m a l e q u i l i b r a t i o n . W e can e s t i m a t e i t f r o m 
the s t o p p i n g range o f ions in s o l i d m a t e r i a l . For v = 3000 k m / s , E^/A = 50 k e V / u , i t is 
r o u g h l y 
(1) m'L 500 ; j g / c m 2 
f o r heavy ions . A f t e r f u l l i n t e r p e n e t r a t i o n , t he c o m b i n e d h o t p l a s m a has t o be an e f f i -
c i en t r ad ia to r . A q u e s t i o n m i g h t be w h e t h e r t he opac i ty is l o w enough f o r t he p l a s m a t o 
be a Planck r ad ia to r . A v i o l a t i o n o f t h i s c o n d i t i o n is n o t c r i t i c a l in t he e n v i r o n m e n t o f a 
h o h l r a u m . A l s o a very d i l u t e p lasma in a cav i ty is a Planck r ad ia to r . 
Then we have t o evalua te the r a d i a t i o n economy. W h i c h area A f o r t he f)lasma cross sec-
t i o n is a l l o w e d ? The p o w e r rad ia ted away f r o m the surface lA , 'lAo^^^T^' m u s t n o t be 
la rger t h a n the t h e r m a l p o w e r Wv/L genera ted in the c o l l i s i o n , o t h e r w i s e t h e t e m p e r a -
t u r e T canno t be he ld . (To p reven t c o n f u s i o n w i t h c o n d u c t i v i t y o, we w r i t e t he S te fan-
B o l t z m a n n c o n s t a n t w i t h an index) . F r o m there we o b t a i n a c o n d i t i o n f o r t he i n i t i a l v o -
lume o f any o f the c o l l i d i n g plasmas: 
'< Wv 
(2) AL = i V 
For W= 10 M J , V = 3000 k m / s and kT = 300 eV we have V = 2 c m ^ . Th i s is a c o m f o r t a b l e 
o rde r o f magn i tude , b u t i t shows t h a t v s h o u l d n o t be chosen much sma l l e r . 
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The mass f o r a k i n e t i c energy o f 5 M J per p l a s m a a t a v e l o c i t y o f 3000 k m / s is 1 m g . 
F r o m c o n d i t i o n s (1) and (2) t h e area A s h o u l d be 2 c m ^ . The dens i ty w i t h i n t he p l a s m a 
v o l u m e is t h a t o f a gas at r o o m t e m p e r a t u r e and a pressure o f 0.25 bar, t he a t o m dens i -
t y is 10^ *^  c m " ^ . A t a t e m p e r a t u r e o f >4000 K t h e pressure w o u l d be >4 bar. Th i s is a 
pressure w h i c h can easi ly ue h e l d by magne t i c f i e ld s o f a f ew Teslas . 
3. P la sma Accelerat ion 
A w e l l k n o w n way o f e x e r t i n g a fo rce u p o n a p l a s m a is t h e steep magne t i c wave f r o n t 
w h i c h occurs a t t h e surface o f a p l a s m a under certain conditions. The magne t i c f i e l d l i -
nes are p a r a l l e l t o t h e p l a sma surface, c lose t o t h e p l a s m a surface c u r r e n t s r u n at area 
dens i ty / . They e s t a b l i s h a magne t i c f i e l d s tep o f h e i g h t 
= iJ.^^ J 
and a pressure s tep 
The pressure d i s t r i b u t i o n t h u s c rea ted can be used t o con f ine a p l a sma agains t i t s t h e r -
mal pressure and aga ins t i n e r t i a l forces d u r i n g acce le ra t ion . This e f f ec t , w h i c h l o o k s l i -
ke a " snow p l o u g h " o r " p i s t o n " , is used in magne t i c c o n f i n e m e n t machines and in z-
p i n c h and coax ia l acce le ra to r s , f o r ins tance t o create a p l a s m a focus . 
F i g . l . The magne t i c f i e l d s tep 
F ig . l shows the s t r u c t u r e o f t he magne t i c f i e l d s tep . The magne t i c f i e l d s t r e n g t h pene-
t r a t e s i n t o t he p l a sma e x p o n e n t i a l l y w i t h a decay d e p t h S, and the spat ia l c u r r e n t d e n s i -
t y /• f o l l o w s t h e same l aw: 
(4) B=ABe-^'^S i^ioe^'^^ = S lif^j 
The e l e c t r i c c u r r e n t is m a i n l y t r a n s p o r t e d by e l e c t r o n s . A n e l ec t r i c H a l l f i e l d comes up 
en^ en^Sii(j 
(5) Uji= J F dz = 77-^ AB'-^ 
w h i c h h o l d s the ions back in the p lasma. N o t e t h a t en^ -qen. . The e l ec t rons w o u l d be 
e x p e l l e d o u t o f the p l a s m a i f t he L o r e n t z force w o u l d n o t keep t h e m back. 
- 4 -
M o s t o f t h e e l ec t rons come o u t o f t he d e p t h o f t he p lasma, descr ibe an o r b i t w h i c h 
b r ings t h e m c lose t o the surface, and r e t u r n i n t o t h e p lasma. A t t h e o r b i t c r e s t t he ve -
l o c i t y is d e t e r m i n e d by energy gain in the H a l l f i e l d ; in o t h e r w o r d s , the e l e c t r o n s w h i c h 
ca r ry the surface c u r r e n t are o f t he same p o p u l a t i o n as a l l t he o t h e r e l e c t r o n s . Because 
o f c o l l i s i o n s and r e s i s t i v i t y t h i s is o n l y a p p r o x i m a t e l y t r u e . W e have 
io = en^ v^=en^ (2eUmj^^'^ = J A B = -^AB 
(6) S = 
where (o^^^ is t he e l e c t r o n f)lasma frequency, and c the v e l o c i t y o f l i g h t . The r e l a t i o n f o r 
the p lasma s k i n sheet d e p t h is one o f t he basic f o r m u l a e o f p l a sma phys ics . In t e c h n i c a l -
ly achievable p lasmas S uses t o be o f t he o rde r o f a few (im t o 1 m m , and L/jj (eq. (5)) in 
the k V range, f o r AB = 1 T. I t exp la ins p a r t l y w h y the p i s t o n is so e f f i c i e n t and even c o l -
l ec t s neu t r a l p lasma a t o m s . 
The plasma, however , is n o t c o l l i s i o n - f r e e , t he c o n d u c t i v i t y is l i m i t e d . The surface c u r -
r en t , i . e. t he i n t eg ra l over t he c u r r e n t dens i ty w i t h i n t he surface sheet, 
can on ly screen a p a r t o f the ou t s ide f i e l d AB, the res t {1-OAB m u s t be screened by v o l u -
me c u r r e n t s o f dens i ty y. C is a n o n - i d e a l i t y c o e f f i c i e n t be tween 0 and 1 and depends on 
a var ie ty o f f ac to r s : 
the H a l l c o e f f i c i e n t 
the r a t i o o f t h e r m a l and magnet ic f i e l d energy 
the dens i ty d i s t r i b u t i o n in the p i s t o n surface 
the enhanced c o n d u c t i v i t y in the p lasma surface sheet due t o O h m i c hea t ing 
and cannot be p r ed i c t ed by c a l c u l a t i o n s . I t can be a subs t an t i a l e f f e c t o n l y on the va-
c u u m side o f t he p i s t o n . 
4 . Eff iciency of Piston Drive 
We have t o care abou t t he ef f ic iency o f t he snow p l o u g h o r p i s t o n dr ive . For t h i s p)urpo-
se we assume a coaxia l p lasma acce lera tor , gap w i d t h d = - r-, and e f fec t ive c i r c u m f e -
rence w = ii(r^ + r. ) . In the steady s ta te the p i s t o n moves w i t h v e l o c i t y v, and the l ine is 
fed by a p o w e r supp ly o f vo l t age U spending a c u r r e n t /. I f no o t h e r consumer vo l t ages 
except t he f i n i t e c o n d u c t i v i t y o o f t he p lasma and the i n d u c t i o n o f t he expand ing magne-
t i c f i e l d are cons idered , we have 
U = d-{v AB + j/o ) = d-vAB-(]+ ' ' ) 
0 L V 
AB 
I = w — 
Whereas UI is t he p o w e r spent by the p o w e r supp ly , a f r a c t i o n 
- s -
vwdAB^ 1 
(7) a = 
2i2() U I 2 ( ] + a) 
goes i n t o t he t h r u s t p o w e r Pthrusv ^ '-'^  l e n g t h o f t he zone o f c u r r e n t f l o w , r o u g h l y 
the l e n g t h o f t he p lasma . For L = 1 c m , a = 100 ( Q c m ) " ' , v = 10^' m / s , C = 0.5 we have 
or = 0.4%. The same f r a c t i o n as f o r / ' t i i r u s c namely 
is spent t o b u i l d up a magne t i c f i e l d in the coaxia l l ine , the e l ec t r i c f i e l d energy is n e g l i -
g ib l e , and the res t ( m o s t l y sma l l ) is O h m i c d i s s i p a t i o n in the p lasma: 
F , . = wdf^dz = wd^U + \jdz ) = wd^— AB 
The cor rec tness o f t h e mode l is c o n f i r m e d by the balance 
w h i c h is va l id i f U and / are b o t h c o n s t a n t . O n the p o w e r source side t h i s can be achie-
ved by a PFN (pulse f o r m i n g n e t w o r k , LC chain) . 
W e can de t e rmine t h e v e l o c i t y o f t he p i s t o n by des ign o f the PFN impedance Zp^^^y at 
m a t c h i n g . Since 
AB=^-^ 
' a 
U= {] + a)v\AB{r) d r 
^c'oax m o s t l y a r o u n d 50 Q. I f f o r ins tance the PFN is designed f o r 125 k A at a vo l t age 
o f 12.5 k V , Z p j i s 0.1 Q, and f o r a « 1 the p i s t o n v e l o c i t y w i l l s t ab i l i ze at 600 k m / s . 
The des ign o f a PFN w i t h a h igher impedance is even easier. Every capac i to r b a t t e r y , due 
t o i t s c o n d u c t o r induc tances , is at leas t a very i m p e r f e c t PFN. The p o w e r (square o f the 
vo l t age ) o f t he PFN is t o be ma tched t o the r equ i r ed t h r u s t fo rce . In case o f a m i s m a t c h 
the PFN can de l ive r t w i c e the ma tched c u r r e n t o r t w i c e the ma tched vo l t age f o r a shor -
t e r t i m e . Thus the p i s t o n speed can never exceed t w i c e t h e ma tched v e l o c i t y . 
For the p i s t o n we have no o t h e r choice t h a n us ing the mass -accre t ive mode. Residual gas 
in the coaxia l l ine ahead o f t he p i s t o n p l a sma is c o l l e c t e d and accelera ted by f r i c t i o n . 
The acce le ra t ing fo rce F c a n be s p l i t 
F- m dv/dt + V dm/dt 
I f the f i r s t t e r m is c lose t o zero, the mechanica l p o w e r is 
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vF= dm/dt 
b u t f i n a l l y one has o n l y m v'^/'l i n t he k i n e t i c energy o f the p lasma. W h e r e has the o t h e r 
h a l f gone? T o inc lude the c a p t u r e d masses i n t o t h e m o v i n g p lasma, t he res t gas a t o m s 
m u s t be t h e r m a l i z e d by c o l l i s i o n s w i t h t he p l a sma a t o m s . This f i n a l l y leads t o a hea t ing 
o f the p l a sma (in e x p e r i m e n t s one observes indeed a l u m i n e s c a t i n g zone i n t h e p l a s m a 
i n f r o n t o f t he p i s t o n surface) and represen ts the o t h e r ha l f . 
The h igh a m o u n t o f d i s s ipa ted p o w e r is a f avorab le e f f ec t . O t h e r w i s e the p l a sma w o u l d 
coo l d o w n t o o r a p i d l y by t h e r m a l r a d i a t i o n . 
Never the less t he e f f i c i ency o f a coax ia l p l a sma gun w i t h o u t a s t a b i l i z i n g f i e l d is n o t sa-
t i s f y i n g because i t looses t o o m u c h o f i t s mass again by c o l l i s i o n w i t h t he w a l l s . The 
t h e r m a l pressure dr ives i t apar t . W e need a c o n f i n i n g magne t i c f i e l d . 
5. Confining Fie ld 
H a r t m a n et a l . 121 s h o w e d t h a t the p i s t o n p l a sma o f a coaxia l acce le ra to r can be w r a p -
ped i n t o a p o l o i d a l magne t ic f i e l d by l e t t i n g i t pass one po le o f a r o d magne t m o u n t e d in 
the inner c o n d u c t o r . The p l a sma r i n g w h i c h passes the po le t r i e s t o conserve t h e magne -
t i c f l u x 131. The p l a s m a is s t ab ly c o n f i n e d f o r some t r a v e l l i n g d is tance , a lso d u r i n g ac-
ce ra t i on . The c o n f i g u r a t i o n o f t he magne t i c f i e l d is very s i m i l a r t o a t o k a m a k f i e l d . M o s t 
i m p o r t a n t , t he p o l o i d a l f l u x provides a cush ion be tween the w a l l s and the p lasma f o r 
the p l a sma t o s l ide on . The l i f e t i m e in H a r t m a n ' s e x p e r i m e n t , however , was t o o s h o r t t o 
survive a t r a v e l l i n g d is tance o f a few mete r s . 
A new idea 141 is t o reverse the magne t i c f i e l d p e r i o d i c a l l y w i t h a pe r iod l e n g t h D. We 
arrange pairs o f d i p o l e rods w i t h oppos i t e p o l a r i t y i n the inner c o n d u c t o r , and ass is t t he 
f l u x r e t u r n by mach in ing the o u t e r c o n d u c t o r f r o m i r o n (copper p l a t e d f o r b e t t e r s u r f a -
ce c o n d u c t i v i t y ) . The r ings t h e n see an RF magne t i c f i e l d o f f requency v/D, (,) - 2riv/D 
The p o l o i d a l f l u x a m p l i t u d e o f the r i n g is t h e n equal t o the f l u x o f every r o d . W i t h D o f 
a few c m , the f requency is in t h e M H z range. There are t w o c o n d i t i o n s f o r t h e choice o f 
t he f requency: The RF pe r iod m u s t be s h o r t agains t the l i f e t i m e o f t he p o l o i d a l f l u x , o r 
the sk in def)th m u s t be s m a l l against t he d imens ions o f the p lasma; and the expans ion 
o f t he p l a sma ( w i t h t he v e l o c i t y o f sound) in the u n p r o t e c t e d phases m u s t n o t lead t o 
the loss o f [) lasma. B o t h c r i t e r i a are easy t o be f u l f i l l e d . 
To s tudy t h i s , we deve lop ma thema t i ca l express ions w h i c h descr ibe the magne t i c f i e l d . 
The u n d i s t u r b e d magne t i c f i e l d o f t he channel can be descr ibed by a p o t e n t i a l : 
*e.vf = - f COi,kZj_j, shAx Z^j: = Zpj, - Vt 
The u p p e r m o s t l ine o f f i g . 3 shows the B^^^ f i e l d l ine p a t t e r n . 
In t he p i s t o n f rame (PF) we w r i t e a c o m b i n a t i o n o f b o t h M a x w e l l equa t ions ; we neg lec t 
the c u r v a t u r e o f the f rame (d « r. ) and use Car tes ian coord ina te s : 
(9) A/^  - ^ = V V - « = v^B^^^ = V \LB^^^, 
0[1() i) t ^^'^ i)z ^^'^ x e x t 
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Since the right-hand side is r o t a t i o n - f r e e , B m u s t be composed o f a g r ad i en t and a r o t a -
t i o n pa r t : 
B= -V0+ rot A 
A = (0, A, 0) has one v e c t o r c o m p o n e n t in the y d i r e c t i o n . 
For t he g r a d i e n t p a r t AB = 0. W e t h e r e f o r e have 
far enough inside t h e c o n d u c t i n g p l a sma where t h e rotA f i e l d is zero, so t h a t the re 
(10) B - S _ t = 0 
The bounda ry c o n d i t i o n f o r t he B f i e l d is 
B^ = 0 at X = ±d/2 (on the w e l l c o n d u c t i n g m e t a l l i c surfaces) 
Fig . 2. V e c t o r p o t e n t i a l and c u r r e n t d i s t r i b u t i o n in an RF sk in ( s o l u t i o n o f eq. (ID) 
So ou t s ide the p l a sma we have o n l y a roty4 pa r t , w h i c h has, as w e l l as B^^^, t w o inde -
pendent c o s w t and s i n w t t e r m s : 
A - Aj coscjf + A^, s\n(y)t 
I t pene t ra tes s o m e w h a t i n t o t he p lasma ( sk in e f f e c t ) : 
AAj - o MA^ = 0 
A A-, + oiigwAj= 0 
(11) AA/1.+ ( a / / y 6 ) ) " > \  =  0  i  -  1, 2 
The s o l u t i o n beh ind a s u f f i c i e n t l y f l a t surface, w i t h s a coo rd ina t e pe rpend icu l a r t o t he 
surface, is 
^ / = ^ / o e - ' ^ - / ' ^ c o s | 
(12) cS = -
2 D 
D is t he p e r i o d l e n g t h o f t he magne t l a t t i c e . Eqs. (11) and (12) descr ibe the usual e l e c t r o -
magne t ic sk in e f f ec t , 8 is t he e l e c t r o m a g n e t i c s k i n d e p t h . The s l i g h t negat ive unde r -
s w i n g o f j o r A is t he remainder o f an ea r l i e r f i e l d o f oppos i t e s ign w h i c h has f )enetra ted 
i n t o the ma te r i a l in t h e h a l f - p e r i o d before ; t he r a t i o o f t he a m p l i t u d e o f t h i s f i e l d r es t 
and the ac tua l f i e l d is independent f r o m r e s i s t i v i t y . The r e s i s t i v i t y g r a d u a l l y des t roys 
the magne t r i n g f l u x w i t h i n a f i n i t e t i m e c o n s t a n t . A usefu l c r i t e r i o n f o r a s u f f i c i e n t l y 
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l o n g l i f e t i m e is S « agains t the d imens ions o f t he p lasma. W i t h o - 100 ( Q c m ) " ^ v = 
10^' m / s and D = 4 c m we have 5 = 1 m m . This n a r r o w zone is n o t s h o w n in f i g . 3, b u t i n -
d ica ted i n f i g . 4 as a f i n i t e s lope o f t he p o t e n t i a l w e l l . 
N o w we can c o n s t r u c t t he e igen f i e ld rotj\d t h e p lasma w h i c h f o r s i m p l i c i t y we 
assume t o have an e l l i p t i c cross sec t ion . I f t h e p l a s m a is at a m a x i m u m o f |jB^^.tL 
kvt - n-7i, f o r s y m m e t r y reasons i t is j u s t t he r e t u r n f i e l d o f t he magne t i c d i p o l e , n o -
t h i n g more , d i v f i = 0 requi res t h a t f o r every i n t e r n a l f l u x l ine there is an e x t e r n a l r e t u r n 
pa th . The d i p o l e f i e l d is squeezed i n t o a f l a t shape, and has a s h o r t e r e x t e n s i o n t h a n 
t h a t o f a d i p o l e in free space, due t o the presence o f t he c o n d u c t o r s . 
S t i l l we are free t o assume a c i r c u l a r f l u x a r o u n d the p lasma. W e do so f o r every o t h e r 
phase. To de t e rmine i t , we in t eg ra t e eq. (9) a l o n g a cen t re l ine f r o m the l ead ing surface 
o f the p lasma (where o = 0 and hB - 0 begins) t o i n f i n i t y . 
d 
(13) - - 5 ^ , d z = V H 
d f ^ ^ ^ - ' ' t S u r f a c e 
S u r f a c e 
i . e. f o r every f l u x l ine o f the ex t e rna l f i e l d w h i c h is b u r i e d by the p lasma a new f l u x l ine 
o f t he e igen f i e ld o f t h e p lasma has t o be added. Fig . 3 shows the e igen f i e ld o f t h e p l a s -
ma in th ree d i f f e r e n t phases. By c o u n t i n g the f i e l d l ine numbers one sees t h a t t he d r a w -
ing is c o r r e c t in t h i s respec:t t h o u g h , emerg ing f r o m inside the p lasma, the f i e l d l ines do 
n o t choose the "easy"way. The s u p e r p o s i t i o n o f t he e x t e r n a l f i e l d ( f i r s t l ine) and the e i -
gen f i e ld gives a very p laus ib le p a t t e r n : Ahead o f the p lasma the f i e l d l ines are e i t he r 
d ragged and compressed , o r they re lax and r eun i t e , r espec t ive ly a l t e r n a t i n g . 
( u ) ( \ 
1 
) ) ( 
\ 
\ 
i u 
) 
isr s N 
kv t = 2n-7T 
Fig . 3. The gene ra t ing magne t ic f i e l d and the s e l f - f i e l d o f t he p lasma at t h r ee phases 
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A t m o s t phases t he re is an u n p r o t e c t e d zone w i t h o u t a magne t i c e i gen f i e ld on every side 
( top and b o t t o m ) , m i g r a t i n g f r o m the head t o the t a i l . O n l y at kvt - (n+^)-n: t h i s u n p r o -
t e c t e d zone does n o t e x i s t . A t t h i s phase i t d isappeared a t the t a i l , and has n o t ye t f o r -
med at t he head. 
6. Potential W e l l and Pressure Distr ibut ion 
The c r o s s - s e c t i o n o f t h e p l a s m a r i n g , however , is n o t an e l l i p se . F ig . 4 shows the c ross 
sec t ion and the pressure d i s t r i b u t i o n in t h e r i n g s c h e m a t i c a l l y . 
I f t he re is no acce le ra t ion , t he l o n g i t u d i n a l c ross sec t ion o f t he p o t e n t i a l t r o u g h c o n f i -
n ing the p l a sma pressure ( t op l e f t ) shows a s teep w a l l caused by the surface c u r r e n t , 
t h e n a s lope whose g r ad i en t is jB, and an i n c l i n e d b o t t o m in the zone where i n c o m i n g 
gas a toms are c a p t u r e d by c o l l i s i o n ( f r i c t i o n fo r ce ) . I f t he pressure increases by c a p t u -
red gas, m a i n l y the head w a l l ( th i s is s o f t e r t h a n the rear w a l l ) expands because the 
magne t i c f i e l d can no more h o l d t h e pressure . Thus the t r o u g h gets g r a d u a l l y longer . 
The p e n e t r a t i o n d e p t h S/2 is s h o w n . The w a l l s are s h o w n as a doub l e l ine , c o m p o s e d by 
a f u l l and a b r o k e n l ine . Th i s is t o ind ica te t h a t t h i s w a l l o sc i l l a t e s . Since t h e magne t ic 
fo rce dens i ty o s c i l l a t e s w i t h 1 + cos2wt , the bounda ry moves f o r t h and back in a f o r c e d 
o s c i l l a t i o n o f a m p l i t u d e 
Po 
W e sha l l show in appendix A l t h a t (14) is a g o o d a p p r o x i m a t i o n . 
Sect ion A - A Sec t ion B - B 
zones expand u n t i l 
F ig .4 . Pressure d i s t r i b u t i o n in the r i n g , th ree d i f f e r e n t sec t ions , and r i n g cross sec t ion 
Since c^^^^^^^j, t he sound v e l o c i t y , is in t he k m / s range, and i f v is a few hundred t o t h o u -
sand k m / s , X ( . is i n t he o rde r o f m m , and hence a lways s m a l l enough . 
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7. E n d of Acce lerat ion 
I t is t e c h n i c a l l y i m p o s s i b l e t o s w i t c h the p o w e r source o f f (or ar range the e l e c t r i c a l 
l e n g t h o f t he PFN) w i t h a nanosecond p rec i s ion so t h a t t he s w i t c h - o f f f r o n t j u s t ar r ives 
at the end w h e n the p lasma r i n g leaves the coax ia l g :m. O t h e r w i s e the i n t e r r u p t i o n o f 
t he p i s t o n c u r r e n t induces a huge vo l t age across the gap w h i c h ign i t e s a k i n d o f p l a s m a 
focus . Th i s is n o t h a r m f u l t o the r i n g , b u t i t may d i s t u r b a c a l o r i m e t r i c measurement . 
For a p p l i c a t i o n as a f u s i o n d r i v e r t he r a d i a t i o n f l a s h m u s t happen in a l i t t l e h o h l r a u m o f 
1...3 cm d iameter . In general i t w i l l be necessary t o compress the r i n g r a d i a l l y . For t h i s 
purpose the d i ame te r o f t he coaxia l gun may be t ape red in a r e g i o n where t h e p l a sma 
r i n g s t i l l has a p o l o i d a l magne t i c f l u x ( th i s is an idea o f H a r t m a n 12]). Thus the pa r t s o f 
t he r i n g receive an i n w a r d m o m e n t u m leading t o a focus a t a d i s tance w h i c h depends on 
the pressure and the dens i ty in the r i n g . 
8. A Prototype Layout 
Fig. 5 shows a p r o t o t y p e f o r 1 kJ p lasmas . Since the e f f ic iency is a r o u n d 20%, we need a 
5 kJ capac i to r b a t t e r y , i f poss ib le des igned as a PFN f o r 4 jxs d ischarge t i m e , 125 k A at 
14 k V . A t a v e l o c i t y o f 500 k m / s the p l a sma mass m u s t be 8 [ig o r 10^'' a t oms ; t h i s is 
the i n i t i a l A r gas mass in the coaxia l t u b e i f we assume t h a t no gas is l o s t . The l e n g t h 
o f the coaxia l t ube is 2.2 m , the A r gas pressure is 4-10~-' hPa. 
5 kJ C a p a c i t o r 
B a n k , S w i t c h 
P u m p 
I ' a r R e t , C a l o r i m e t e r , I m p u l s e P e n d u l u m 
Gas F i l l : A r 4.10 ^ h P a (8 t o t a l 
i n C o a x i a l T u b e ) 
S o f t I r o n 
lOO C o S m M a g n e t s 0.16 m V s e a c h 
R F P i c k u p 
5 c m 
Fig. 5. Sect ion o f a p r o t o t y p e Plasmac 
The p i s t o n area is 16 c m ^ . A t c o l l i s i o n w i t h a s o l i d t a r g e t , t he r i n g zone radia tes f o r 
about 10 ns w i t h a r a d i a t i o n t e m p e r a t u r e o f 35 eV. T o make c a l o r i m e t r i c and mechanica l 
pulse measurements , t he t a r g e t s h o u l d n o t be an open r i n g b u t an annu la r h o h l r a u m . 
The pulse p e n d u l u m s h o u l d be able t o take a m o m e n t u m pulse o f 4 g m s~'. 
The d ipo l e magnets in the inner c o n d u c t o r , l a t t i c e c o n s t a n t D = 4 c m , are c a l c u l a t e d t o 
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de l ive r a f l u x o f 0.16 m V s t o the p l a s m a r ings . I f c o m p r e s s e d t o 2 m m w i d t h over a c i r -
cumfe rence o f 160 m m , BQ - 5 T, and Ip^ = 10 M P a = 100 bar; so i t can h o l d a p l a sma 
pressure o f up t o 50 bar. The c o m p r e s s i o n is s e l f - c o n t r o l l i n g p r o v i d e d XQ (see A p p e n d i x 
A l ) is s m a l l enough . The p i s t o n magne t i c f i e l d is 1.3 T , i t s pressure is 0.6 MPa = 6 bar. 
A useful d i agnos t i c t o o l f o r t he p i s t o n v e l o c i t y is f requency analysis o f an RF s ignal a r i -
s ing at t he en t rance o f t he coax l ine . I n every h a l f pe r iod the p i s t o n is f i r s t acce lera ted 
and t h e n again dece le ra ted by the t r ansve r sa l magne t i c f i e l d and t h e gene ra t i on o f a p o -
l o i d a l f l u x o f t he r i n g p i s t o n . Th i s generates a r e l a t i v e l y s t r o n g RF s ignal a t f requency 
2f<). The f requency ana lyzer m u s t be p r o t e c t e d f r o m the s w i t c h - o n and s w i t c h - o f f t r a n s -
ient vo l t ages , m o s t s i m p l y by a band f i l t e r . 
A s i m i l a r , s o m e w h a t s m a l l e r p ro to ty f ) e , is be ing develof)e(i in c o o p e r a t i o n w i t h t he U n i -
ve r s i ty o f E r l angen . The a u t h o r is i ndeb ted t o Professor Dr . J. Ch r i s t i ansen and Dr . M . 
S t e t t e r f o r t h e i r en thus i a s t i c c o o p e r a t i o n in the Plasmac p ro j ec t . 
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Appendix A l . Solution of the Puls ing-Pressure Problem 
Here we show t h a t i f t h e pressure on the surface o f a gas o f mass dens i ty varies as 
p = PQ (l + cos26)t) 
(a) is t he f requency o f t he magne t i c RF f i e l d ) , t he spa t ia l o s c i l l a t i o n a m p l i t u d e XQ on t h e 
surface behaves as equ. (14). 
W e need an independent space coo rd ina t e , or, w h a t is even be t t e r , a mass c o o r d i n a t e 
("mass c e l l number" , Lagrangian coo rd ina t e ) . The o t h e r independen t c o o r d i n a t e is t i m e 
t. We have the t w o var iables 
X (m, t ) p (m, t) 
X is the loca l d i sp l a c e m e n t o f gas pa r t i c l e s . The e q u a t i o n o f ine r t i a ! forces is 
(Al) 
d t'^ dm 
Fur the r , we m u s t i n t r o d u c e the adiabat ic c o m p r e s s i o n law and do i t i n t he shape 
- ^ (A2) 4^ = i - - . l - = ^ ( ( - i ^ ) ^ ' / - - l ) 
dm p pg p(j p^) Cy 
B o t h equa t ions can be u n i t e d i n t o the sound wave equa t ion 
f ) ^ , p .-\/X d'^ , P . 
(A3) ^ ( - ^ ) - 4 ( ^ + l ) ( 4 - / ^ ) ^ = x p , , p , , ( - ^ ) ' - i / - ''^A-^) 
I t is b e t t e r t o e l i m i n a t e x, and n o t p. For s m a l l pressure o s c i l l a t i o n a m p l i t u d e s t h i s is 
the equa t ion o f sound wave p ropa ga t i on , the d i spe r s ion t e r m is very s m a l l . For h igh 
pressure a m p l i t u d e s , however , i t is the leading t e r m . O n the bounda ry w i t h 
= 1 + cos2wt 
Po 
the l e f t side can be read i ly evaluated; we o b t a i n the d i f f e r e n t i a l equa t i on 
, K AS , P ('''^ , P \, 1 1 „ ^, 
(A4) ( — ) ^ - — r . ( — ) = (1 + c o s 2 « t ) 
P(^ dm^ xpoPo X X 
I t is r emarka b l e t h a t t he c oe f f i c i e n t o f c o s 2 « t is pos i t ive ; t h i s is due t o t h e non l inea r 
d i spe r s ion t e r m o f equ. (A3) . Th i s s t i l l ho lds w h e n we i n t r o d u c e a Four i e r analysis f o r 
the l e f t - h a n d side express ion 
(AS) ( l + c o s 2 6 ) t ) ^ = C Q + cos26)t+ cos4<'i)t + c . j C o s 6 6 ; t +.. . 
( table I shows the f igu res ) , and i f we i n t r o d u c e the ansatz 
(A6) A(,(m) + Aj(m)cos2a)t + AJ<m)cos^(^)t +... A()[{)) = A^[{)) = 1, /\;,(()) =....= 0 
Po 
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W e o b t a i n , by c o m p a r i n g iden t i ca l Fou r i e r c o m p o n e n t s on b o t h sides and e l i m i n a t i n g A^^" 
(A7) Ar = F = 
v = 2 
g ^ - c , ( i 4 ) 
C „ ( C ( ) + 7 r C 2 ) - ^ C j 2 
2^-2' 2 
For AJ', \  >  1, a r e c u r s i o n is i m p o s s i b l e ; they depend on the ove ra l l bounda ry c o n d i t i o n s . 
M o r e o v e r , t he F.^, v 1, are o f m u c h s m a l l e r m a g n i t u d e t h a n F. For ins tance , f o r = 
(ideal gas), F = 5.95 = (2.44)^. I n near ly every case we have Aj" > 0. W e may conc lude t h a t 
t he p u l s i n g pressure o n the p l a sma surface is n o t s i m p l y a c t i n g l i k e a loudspeake r m e m -
brane e x c i t i n g a l l t h e p la sma t o an acous t i c resonance at h i g h a m p l i t u d e . A t leas t c lose 
t o t he surface, Aj is an e x p o n e n t i a l f u n c t i o n w i t h a real e x p o n e n t w h i c h , f o r energy re -
asons, is negat ive: 
26) / 
^LPn (A8) Aj= e PQCsound m sound 
Po 
I f f u r t h e r ins ide t he e x p o n e n t becomes imag ina ry , i t w o u l d mean t h a t sound waves are 
rad ia ted at l o w e r a m p l i t u d e . Th i s is gene ra l l y n o t h a r m f u l t o the c o n f i n e m e n t . W e also 
f i n d AQ t 0. Th i s means t h a t t he average pressure is n o t homogeneous i n t he plasma, 
the p i s t o n may generate a c o n s t a n t pressure r i p p l e . I t s p a t t e r n a lso depends on the 
ove ra l l boundary c o n d i t i o n s . In view o f equ. ( A l ) a s t a t i o n a r y bounda ry requ i res the f i r s t 
de r iva t ive A^^ = 0 on the boundary . E v a l u a t i o n o f (A l ) gives t h e n a b a s i c - h a r m o n i c o s c i l -
l a t i o n a m p l i t u d e 
(A9) = Pa 
4 « 2 2(0 X 
W e f o u n d t h a t equ. (14) is a g o o d a p p r o x i m a t i o n . 
The - s ign means t h a t i f t he e x t e r n a l pressure is h ighes t (cos26)t = 1), .Y has i t s m o s t ne-
gat ive value w i t h respec t t o the d i r e c t i o n o f t h e m coo rd ina t e , i . e. t he p l a sma boundary 
t h e n has i t s w i d e s t e x t e n s i o n . Naively one w o u l d expec t t he c o n t r a r y (expans ion when 
the pressure is released) o r a 90'^ ^ phase s h i f t , b u t t h i s w o u l d n o t be a s tab le c o n f i n e -
men t . There is a s t r o n g analogy w i t h AG f o c u s i n g o f p a r t i c l e beams. 
i+i/kappa cO d c2 c3 
i . B e e e 1.0000 1.0000 O.QOOO O.QOOO 
1.2006 1.BG83 1.1661 0.0729 -0.0139 
1.40QB 1.1528 1.3449 0.1582 -0.0216 
1.6Q0Q 1.2519 1.5409 0.2568 -0.0223 
1.8000 1.3672 1.7579 0.3701 -0.0154 
Tab le I . Four i e r coe f f i c i en t s o f (1 + cos2wt ) l * i / ^ 

